Because short pulse Nd:YAG laser of nanosecond pulse-width and high peak power has a unique capability to improve the mechanical properties of metal parts, a study on the development of high peak power short pulse from Nd:YAG laser along with its peening application has been performed. The design scheme of laser and the characteristic of laser beam transmission are presented and discussed. A pulse energy of 25 J with 15 ns pulse-width and a maximum peak power of 1660 kW laser system which use one oscillation and eight amplifiers has been achieved. Laser beam has a max divergence angle of 0.03 mrad, a pulse-to-pulse pulse-width stability of ±0.1 ns, and the pulse-to-pulse energy stability factors of less than ±2.8%. A low value of divergence means an easier modification of a nearly hat-top laser beam intensity profile and an easier transmission of laser beam. To evaluate the performance of the laser system, several metal materials are processed. Laser peening quality and efficiency are analyzed by using an optical microscope, a transmission electron microscope, and an X-ray diffraction device. The processing results show that the performance of this laser system is excellent.
Introduction
Laser peening of mechanical parts is currently a widely accepted method of surface treatment due to high efficiency and easy operation [1] [2] [3] [4] [5] . In general, short pulse laser with pulse-width in the order of several to tens of nanoseconds (ns) has been effectively used to strengthen the mechanical properties of a variety of metal materials [6] [7] [8] [9] [10] . Two modes of laser systems are normally used for these applications, namely Q-switched Nd:YAG laser system [11] and Nd:Glass laser system [12] . Each of these laser systems has its own advantages and drawbacks. The Nd:Glass laser system could output pulse energy of up to 50 J, but because of its poor heat dissipation efficiency of glass rods, it only could be used at lower repetition frequencies, thus the efficiency of laser peening [13] [14] [15] could not be ensured. The Nd:YAG laser system could not output pulse energy greater than 50 J; however, because of its good heat dissipation efficiency, it could work at higher repetition frequencies, and is suitable for uniform laser peening applications [16] [17] [18] [19] .
Laser peening involves complex mechanisms such as exciting plasma, propagation of shock wave, and mechanical effect onto the target metal material [20] . Therefore laser parameters and properties have important influence on the laser peening effect [21] ; for example, pulse-to-pulse pulse-width stability and pulse-to-pulse energy stability are very important for the homogeneity of laser peening. In our previous experiment, when laser energy was more than 3 J, even 1 J laser energy error could cause tens of MPa stress error on the TiAl alloy [22] . The instable laser parameter made the surface residual stress distributed unevenly. The divergence angle and pointing stability are important for processing precision and working distance [23] [24] [25] [26] [27] . In this paper, we focus our attention on the study and development of high quality short pulse Nd:YAG laser system for peening metal material. The laser pump chamber, resonator, and amplifier were detailedly designed to obtain good beam quality and to achieve an almost top-hat uniform spatial beam profile. And the pulse-to-pulse energy stability was also optimized. The performance of this laser system was evaluated by laser peened metal materials.
Construction of Nd:YAG laser system
As shown in Figure 1 , the laser system has three major components, which are the cooling unit, the laser head and the electronic cabinet. The cooling unit is used to maintain the temperature of amplifiers and pumping chambers at about 22°C. The laser head is used to generate and transfer the high peak power laser beam, which contains the Nd:YAG oscillator, pumping chamber, resonator, isolator, and amplifier. The electronic cabinet contains the power supplier and the control unit. The power supplier is used to provide electronic power for all the need of the laser system. The control unit contains the control logic circuit and the programmable delay generator that controls all the needed synchronization signals for operating the laser system. The host computer controls the power supplier by the control unit and the programmable delay generator, which use the electro-optically Q-switched mode. The laser beam is generated in the pumping chamber, enlarged by amplifiers, and finally gets the maximum pulse energy of 25 J with the pulse-width of 15 ns at the last end of laser head.
Laser head
The laser head mainly contains a resonator, pre-amplifiers, isolator, amplification stage, a splitting mirror and a combining mirror. To ensure the laser stability, all the mechanical and optical parts were installed on an integrated stable cast aluminum platform. To ensure the long-term mechanical stability and the maximum ambient temperature insensitivity, the temperature of cast aluminum platform was also controlled by the constant temperature automatic method. When temperature of the platform is maintained at about 22°C, the laser system could output stable laser beam. Figure 2 shows the diagram of laser head structure. It is an oscillation system with eight-stage amplifiers. A modular design method was used. The laser was generated in the oscillation, and then was amplified by two pre-amplification stages. The pulse energy of laser beam got to 4 J after pre-amplification, and then was divided into two laser beams with the pulse energy of 2 J. Each 2 J laser beam was amplified by six amplification stages, and got to the pulse energy of 13 J. At the last, the two 13 J laser beams were combined into one laser beam with the energy of 25 J by using combining mirror. The laser resonator part consists of a rear mirror, an active electro-optically Q-switch, a quarter-wave plate, a polarizer, a 6 mm diameter Nd:YAG rod, two 9 mm diameter and 100 mm long flash lamps, a Q-switch drive plate, a shutter, and a front mirror. The resonator could output laser beam energy of 4 mJ with maximum pulse frequency of 10 Hz and pulse-width of 15-20 ns. Nowadays, solid-state laser resonators are mainly stable resonator and Gaussian resonator. The Gaussian resonator has good focus ability, and could focus the beam spot to a micron dimension. However, it has poor thermal stability. In order to get long-term stable working, it requires a certain warm-up time which is usually 8 s before every formal work. For operation at higher and lower repetition rates compared to other resonator configurations, the hemispherical resonator has better misalignment sensitivity and pulse-to-pulse stability. It is suitable for a variety of synchronization controlling ways. Therefore the hemispherical stable resonator was chosen to develop the laser system in this paper. To ensure the mechanical stability, the resonator was installed on an optical platform. The optical platform used floating structure which was made up by graphite rods. And then the graphite floating structure optical platform was installed on the integrated stable cast aluminum platform. This structure ensured the resonator outputting better coherence and flat-top profile laser beam.
In high power laser system, the feedback light could introduce frequency variation, amplitude fluctuation, bandwidth broadening, noise increasing. The feedback light could also destroy the optical components in laser head. To eliminate the feedback light, an 8 mm diameter isolator and a 12 mm isolator were installed behind the first pre-amplifier stage and the second pre-amplifier stage respectively. Isolator has strong magnetic field, which is composed by two polarizers, a half wave plate and a 45° faraday rotator. When a laser beam passes through the 45° faraday rotator, the polarization of the laser beam could be clockwise rotated 45°. The feedback laser beam could also be clockwise rotated 45°, which makes the polarization direction angle between the laser beam and the feedback laser beam to be exactly 90°. Therefore, the feedback laser beam could be blocked by the polarizer which is installed at the entrance of the isolator. The polarizer minimizes the feedback light in each amplifier stage. Serrated diaphragm and circular diaphragm were installed in the laser head to effectively decrease intensity of the low frequency modulation stripes, and to get laser beam with homogenous intensity and high fill factor. After modified by the diaphragm, the homogenous and top-hat laser beam is favorable for transmission in each amplifier. The diaphragm also helps to lower higher-order dispersion which is introduced by pulse laser in optical medium. Thereby, the diaphragm is useful to obtain a laser beam with short pulse-width. Phase conjugate mirror was used to improve laser beam quality. Phase conjugate could reduce divergence angle, pulse-width and wave-front distortion which are induced by optical components. The splitting mirror and combining mirror were used for splitting one laser beam to two laser beams and com-bining two laser beams to one laser beam respectively. To minimize the dimension of Nd:YAG rod and increase efficiency of heat dissipation, a model of first division and then combination structure was used.
Electronic cabinet unit
The electronic cabinet contains the high voltage power supplies, the control unit and the programmable delay generator. Power conversion circuits, power switching components, and sort switches were used in the power supplies. Switching power supply was also used for control circuits. The high voltage power supplier contains resonator power supply, pre-amplification stage power supply, and amplification stage power supply. All the high voltage power supplies were absolute controlled by the control unit. So the pulsewidth of laser beam could be controlled by adjusting the output voltage of resonator power supplier. A RS485 connector and an I/O connector were also used in control unit.
The control unit controlled all electro-signal of safety elements, resonator, amplification stages, high voltage power supplies, and electro-optically Q-switch. And the control unit made all parts worked in need. The programmable delay generator controlled all the needed synchronization signals for operating the laser system. The output laser energy could be controlled by adjusting the signal delay between resonator flash lamps and amplification stages. The control function was realized by control circuits and programmable delay generator. As shown in Figure 3 , the programmable delay generator output four 5 V transistor-transistor-logic (TTL) signals. One TTL signal triggers flash lamps discharge by rising edge of pulse electro-signal. One TTL signal triggers electro-optically Qswitch by rising edge of pulse electro-signal. Two TTL signals trigger amplifier by rising edge of pulse electro-signal respectably. The delay time between the trigger signal of flash lamps and the trigger signal of electro-optically Qswitch is 180 μs. And the laser energy could also be controlled by adjusting the delay time between the trigger signal of amplifier and the trigger signal from an electro-optical Q-switch.
Experimental work
The laser quality test was undertaken in a dedicated class 7 clean-room at the temperature of about 22°C and the humidity of not above 50%. After the laser system was warmed up and the cooling water temperature was raised to about 25°C, the pulse energy stability test and pulse-width stability test were undertaken for 4 h. The spatial laser beam profile was measured using a Coherent CCD camera and a C-Varmi attenuator. The experiment data was auto-recorded with a computer. The diameter, divergence angle, pointing stability, and frequency of the laser beam were tested with Canon KP-108 photographic paper, a Coherent CCD camera, a fast Det10A photodiode and a Tektronix oscilloscope.
For the evaluation of the laser peening effectiveness, several metal materials were treated by the developed laser system. The micro-hardness of the laser peened material before and after laser peening was measured using a FM- 300 micro-hardness tester, with load of 200 g and holding time of 10 s, an average of five measurements was used for each test point. Surface profiles and micro structure of metal material before and after laser peening processing were characterized using KEYENCE VHX-1000 optical microscope and JEM-2100 transmission electron microscope (TEM). X-ray diffraction (XRD) patterns before and after laser peening were obtained using an X'Pert pro X-ray diffraction device.
Results and discussion

Laser performance evaluation
With respect to laser peening applications, pulse-to-pulse energy stability is an important factor for laser system design. Small deviations of the pulse energy from its average value proved that the laser system is good, stable, and beneficial for laser peening. To evaluate the energy stability, a test apparatus was established. The test apparatus contains FieldMax energy meter, wedge-shaped splitting mirror and computer. The attenuation ratio of the wedge-shaped splitting mirror was 1:31.5. After the laser system was warmed up, the frequency of laser pulse was set at 5 Hz. The variation of output pulse energy and the setting energy parameter were shown in Figure 4 . The pulse-to-pulse energy stability factors were ±2.8%, ±2.5%, ±2.3%, ±1%, and ±0.8% with the output energy of 25, 20, 15, 10, and 5 J respectively. The pulse energy decreases with the increasing of working time. But after the laser system worked 2 hours, the out-put pulse energy gradually stabilized. The reason is that the temperature of laser head gradually reached a new temperature equilibrium point. The changes of temperature made the mechanical properties and structure of optical components to change in the laser head. The small changes of optical components may make the amplification ratio of amplifiers to change. So the output energy changed with the increasing time. After the laser head worked for a long period, the heat exchange between laser head and surrounding environment got to balance. And the temperature of laser head would not change. So the output energy was also not changed. The output energy stability factor was not the same when the output energy was different. The output energy stability factor decreased with the increasing of output energy, because the temperature of laser head changed largely when the output energy was higher. The output energy reached stable quickly when the output energy was lower. The reason is that the temperature of laser head reached a new temperature equilibrium point quickly when the output energy was lower. Therefore there should be a temperature equilibrium device to help control the change of temperature, and to make the output energy reach a stable level quickly.
The spatial laser beam profile was also important to residual stress distribution and surface roughness. The more smooth and uniform of the spatial laser beam, the more uniform of stress distribution and surface roughness. Therefore, the beam profile was measured using Coherent CCD camera and C-Varmi attenuator. Figure 5 shows a typical top-hat spatial profile of the laser beam. The ratio of the max beam intensity to the average beam intensity is 1.2 in the horizontal axis direction. The ratio of the max beam intensity to the average beam intensity is 1.22 in the horizontal axis direction. As shown in Figure 6 , the beam diameter was measured by the burn patter on a Canon KP-108 photographic paper. The beam diameter is 24 mm at the output of the laser, and the beam diameter is 25 mm at the distance three meter from the output of the laser. The divergence angle was calculated as the difference of this two beam diameter, and the divergence angle was about 0.03 mrad. The divergence angle is important for working distance. A smaller divergence angle will enable laser peening at a longer working distance. In the case of assuring beam quality, the longer of the working distance, the fewer amount of water which was used for confining layer during laser peening period splash onto the optical components. Therefore, the laser peening system would be more stable if the divergence angle is small. The pointing stability was monitored with a Coherent CCD camera at the focal point of a Plano-convex lens. The beam was attenuated by a C-Varmint attenuator to prevent saturation of the CCD chip. The beam position was defined as the centroid of the spot, and the pointing stability could be estimated as the position of the beam on CCD divided Figure 4 The pulse-to-pulse energy on output counts. by the focal length of the lens. As shown in Figure 7 , the pointing stability measured over 50 shots was 3.5 μrad. The temporal pulse-width was measured by using a fast Det10A photodiode and Tektronix oscilloscope, where a diffuse reflection of the laser beam was sent into the detector. The pulse width as the value of full-width at half-height was 15 ns, and pulse-to-pulse pulse-width stability was ±0.1 ns. The max output frequency of laser beam was 5 Hz. Performance of overall laser system were shown in Table 1 .
Peening effect evaluation
For performance testing and evaluation of the short pulse laser peening system for peening applications, some experiments have also been performed to treat the 6082 alu- Figure 8 showed the surface topography of Ti17 titanium alloy which was peened by the laser system. In the laser peening experiment, the 100 μm thickness dark tape from 3M Inc. was used as an ablative medium to protect the sample from thermal effects and 2 mm thickness deionized water was used as confining layer. Prior to the peening process, the intended peening surfaces of specimens were grounded with sandpaper followed by final polishing to the surface roughness Ra of 0.08 μm.
The effect of 6082 aluminum alloy surface micro-hardness on laser peened layers was shown in Figure 9 . The micro-hardness increased with the increasing of impact times and laser energy. The micro-hardness increased from 110 HV 0.2 of the original sample to 135 HV 0.2 of the laser peened sample with treatment parameters of 3 J and 4 impacts. The micro-hardness increased from 110 HV 0.2 of the original sample to 158 HV 0.2 of the laser peened sample with treatment parameters of 7 J and 4 impacts. Therefore, the micro-hardness of the aluminum alloy metal can be im- proved by laser peening using the developed laser system.
The microscopic structure of Ti17 titanium alloy before and after laser peening was shown in Figure 10 . The white area was α-phase, and the black area was β-phase in Figure  10 . There were only a few dislocations near the boundary in α-phase area, and there was nearly none dislocation in β-phase. Compared with the original sample, the dislocation density, dislocation tangles, and dislocation walls increased greatly in laser peened sample. Thus high pressure shock wave was introduced by the developed laser, and the lattice distortion was generated by the transmission and reflection of the shock wave in the internal of metal material. Table 2 showed the effects of laser peening on the fatigue life of Ti17 titanium alloy with the stress level of 300 MPa and tensile-compressive ratio of 1. The fatigue life was 136×10 3 cycles before laser peening. After laser peening with the laser energy of 5 J, the fatigue life increased to 261×10 3 cycles and 346×10 3 cycles with the impact times of 1 and 2 respectively. After laser peening with the laser energy of 7 J, the fatigue life was 277×10 3 cycles and 375×10 3 cycles with the impact times of 1 and 2 respectively. The results showed that the fatigue life increased about 2.5 times after laser peening. Therefore, the fatigue life of Ti17 titanium alloy could be increased by the developed laser system. Figure 11 showed the effects of laser peening on the XRD patterns of pure tungsten with different impact times. From Figure 11 , we found that the full-width at half-height of diffraction peaks was changed during laser peening period, the diffraction peak position moved to the right hand of the photo, the diffraction peak intensity decreased, and the width of diffraction signal widened. The more the impact times, the larger the full-width at the half-height of diffraction peak is. This demonstrated that plastic deformation, dislocation, residual stress or grain refinement were introduced into the surface of tungsten material by peening using the developed laser system. Figure 11 (Color online) The effects of laser peening on the XRD patterns.
Conclusion
Using an oscillation eight-stage amplifier system structure and an electro-optical Q-switched mode, the 1660 kW peak power and 15 ns pulse-width Nd:YAG laser system for laser peening was studied and developed. Hemi-spherical stable resonator, integrated stable aluminum casting platform, and diaphragm were designed to achieve high power and good beam quality. Almost top-hat intensity distribution was also obtained, which was found useful for more selective, uniform, and efficient laser peening. This laser system has been tested for laser peening of metal material, such as aluminum alloy, titanium alloy, and pure tungsten, and got perfect results. The performance of this laser system shows that it could be used for laser peening and obtaining good results. 
